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1. Introduction

Research of II-VI Compounds in our Institute was performed during a period of

about three decades.

Materials: il-VI Bulk Crystals

CdTe, CdSe, CdS, CdO, ZnTe, Cd(SSe)

Continue: (HgCd)Te, (CdZn)Te

Crystal growth:

Vertical Bridgman Method (VBM), Horizontal Bridgman Method (HBM), Vertical Zone

Melting (VZM), Vapour Phase Transport Method (VPTM), Travelling Heater Method

(THM)

Continue: Bridgman Growth from Melt of Constant

Composition (BGCC) (HgCd)Te,

Vertical Gradient Freezing (VGF) - (CdZn)Te

Transport properties:

C-V characteristics

Continue Galvanomagnetic properties: T: 2-300K, B: 0-14T

Thermoelectric properties: T: 10-300K

Optical properties:

FT - IR optical spectroscopy: T: 4.2-300 K

FT - IR magnetooptical spectroscopy: T: 10 K, B: 0-5 T

Continue Photoluminescence: T: 4.2-300 K

Magnetophotoluminescence: T: 10 K, B: 0-5 T.

1I-VI Devices:

Cd(SSe) photo camera - VIS detectors Pentacon , Dresden (East Germany)

(CdZn)Te y-ray detectors IAEA, Wien (Austria)

(HgCd)Te PV IR detectors (8-14 ptm) Tesla Ro~nov (Czech Republic)
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Type conversion of p-(HgCd)Te

Ion Implantation B, E- 100 keV, 3.1013cm"2

continue Ion Milling Ar, E - 500 eV

Reactive Ion Etching Ar, CH4/H 2

Electron Beam Induced Current - EBIC

2. Crystal Growth

2.1 (HgCd)Te

The principle of our proposed method, that we use for single crystal growth of

(HgCd)Te, is shown in Figs.2.1-2.2. Our Bridgman growth from melt of constant

composition (BGCC) is based on a demand to ensure melt of constant composition XL

above the crystal during the growth. The missing CdTe is transported to the phase

boundary Imc by diffusion from a suitable source during the whole process of growth. The

process of growth was modelled supposing that the dominating transport process in the

melt is diffusion. Following parameters were determined: AT for hot zone, diffusion

coefficient DCdTe of CdTe in HgTe from the profile of axial composition of quickly cooled

melt. Results of measurements of axial/radial homogeneity are evident from Figs 2.4 and

2.5.

In the next period we plan to continue mathematical modelling of growth process

of single crystals connected with experimental verification of theoretically calculated

optimal growth parameters.

2.2 (CdZn)Te

Epitaxial technologies of (HgCd)Te growth are not available for us now, mainly

from financial reasons. Therefore we decided, that our contribution to the technology of

high quality MCT epitaxial layers for focal plane arrays can be the growth of high quality

substrates on the basis of Cd..y Zn yTe (y = 0.03 - 0.06). With the help of Shubnikov

method (Vertical Gradient Freezing) we are able to prepare high purity single crystalline

ingots with diameter up to 10 cm and weight 41.5 kg oriented in {111} direction. The
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boule axis is inclined at 1-3 0 to the { 1111}direction. The crystals with both types of

conductivity can be prepared.

Table I - parameters of (CdZn)Te samples

concentration (300K) mobility (300K) transmittance dislocation

(cm"3) (cmZ/Vs) at 10 rm (300K) density (cm"2)

n-type 1.10 4 920 0.64-0.66 5.104

p-type 1.10F4 85 0.64-0.66 5.104

Starting elements Cd, Zn, Te with purity 6N were produced in Czech Republic (Institute of

Metals, Panensk6 Bfe~any).

Photoluminescence can be used for characterization and identification of point

defects in (CdZn)Te substrates. An example of the spectrum measured on a sample grown

in our Institute is shown on Fig.2.6. The spectrum is compared with the similar one taken

on standard comercionally available substrate material from Johnson-Matthey Electronics

on Fig 2.7. Transmittance spectra in the spectral range 2.5-25 gtm are on Fig.2.8.

Using double crystal diffractometry (DCD), X-ray rocking curves on (111) oriented

(CdZn)Te have been tested on several samples. Results of these measurements are evident

from Fig.2.9. Good microstructure was observed, the value of FWHM was about 15 arcsec

(when 2 mm2 spot size was used).

This year we plan to start test modelling of growth process of large volume single

crystals, which can help to optimize expensive growth experiments. Also we would like to

study native point defects in (CdZn)Te including those incorporated during

(a) the growth process (three solid phase transitions probably exist is solid state stability

region during cooling, that can determine the precipitation and generation of native point

defects) 2. We plan to prepare single crystals, where various cooling speeds will be used

after solidification of the ingot

J.Lee and N.C.Giles, J.Appl.Phys.78, 1191 (1995)
2 Yurii M.Ivanov, J.Crystal Growth, 4501 (1996)
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(b) subsequent thermal annealing. In this case high temperature defect structure of

(CdZn)Te can be frozen-in during fast cooling to room teperature.

Experimental methods: Hall effect, luminescence, positron annihilation, electron

microscopy

7



1200

Hgl.xCdxTe

, 1000
-.=

M S

E
-- 800 -- XL XS

0)0
....... ... ... ......... T m = 7 0 7 .2 °C

Xs/xL =3.951

6 0 0 _ _ . •, i, j

0.0 0.2 0.4 0.6 0.8 1.0
x

Fig.2.1 Pseudobinary HgTe-CdTe T-x phase siagram (m is the slope of the liquidus curve at

X=XL)

I CRYSTAL GROWTH

.a SOLID 'SOURLCE

-, I
L 1 (v) *SOURCE;

Sol'd MELT ELT

x 0 
MELT +

0 0

0 -- " , L L-
" 300K 2C.() + AT CRYSTAL T dT

ENTLICI[MENT ,

(a) (b) 0o
(a) U rN

Fig.2.2 Schematic representation of one-dimensional model of (a) enrichment of melt and

(b) crystal growth

8



1.0
1--,

0.8 MCT-80
0

Z 0.6

:i II 111. IV V

S0.4

C 0.2

X0.0
0.0 0.2 0.4 0.6 0.8 1.0

y/L

Fig.2.3 Axial distribution of the average composition in the ingot which is quenched to

room temperature during growth
0.4

k--

MCT-81
a 0.3 -

, 0.22 ... ." ...
0.2-

C 0.1 . ..

0.0 0.2 0.4 0.6 0.8 1.0
ylL

Fig. 2.4 Axial profile of the average composition along the quenched ingot

18
217
216
17
I26

217
2I5

17

216

21M3 .5O12r

4 .215 216

213
2 211\ .2?

Fig. 2.5 Radial distribution of the composition across a wafer

9

ZIl6I



10 ;--

T=6.5 K

0 1 ...... .

v 0.01

1600 1610 1620 1630

Energy [meV]

Fig 2.6 Luminescence spectrum of our (CdZn)Te sample measured at T=6.5K.

1000
Cd1  Zn Te (x=0.033) 1.6138

C 100
:31.610 1.6160

Uj 10 1.6180
w

CO 1.6170 1.6242
w 1.589 156

0.01

1.586 1.596 1.606 1.616 1.626
ENERGY (eV)

Fig. 2.7 Luminescence spectrum of (CdZn)Te from Johnson - Matthey Electronics,

Spokane, WA as reported by J.Lee and N.C.Giles: J.Appl.Phys.78, 1191 (1995)
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3. Transport Properties

We have suggested a detailed model for evaluation of (a) concentrations of

electrons, heavy and light holes, acceptors and donors, (b) mobilities of electrons, heavy

and light holes; (c) lifetimes of excess carriers. The model is experimentally verified by

galvanomagnetic measurements of (RH, p) in the temperature range 2-300K and by EBIC

measurements in the temperature range 140 - 300K and enables to determine basic

material parameters important for IR PC and PV devices.

The electronic Boltzmann transport equation (EBTE) is solved in a limit of weak

external electric field, parallel temperature gradient and perpendicular magnetic field. The

sample is assumed homogeneous and macroscopic without mesoscopic effects. The bands

are spherical, heavy-hole band is parabolic and electron and light-hole bands as well as

wave functions are described in kp approximation by Kane formulae. The interband

scattering is involved. Main scattering mechanisms Hgl-,CdTe (x-0.2) often discussed in

literature are scattering by ionized impurities, compositional disorder and polar-optical

phonon scattering. A limited influence have acoustic phonon scattering, electron-hole

scattering, nonpolar-optical phonon scattering, piezoacoustic scattering, phonon drag. For

the best of our knowledge the phonon drag was not observed in this material. We expect

that the alloy character of the three compound material affects a strong scattering of

acoustic phonons and consequently shortens their mean free path. Due to the nonelastic

scattering on optical phonons the relaxation time approximation is not applicable for these

mechanisms. The usual techniques to solve EBTE in this case are based on

variational, difference equation or Monte Carlo methods. Especially at low temperatures

difference equation method is more proper than variational one. Due to the time

consuming calculations also Monte Carlo methods is not convenient to use for the low

field transport. Solving EBTE for the valence band of Hgl-,CdTe (x-0.2) the

transport in the light hole band is to be included. Using standard models of the light-hole

scattering the calculated light-hole mobility exceeds significantly the values estimated

from experimental data. This discrepancy is caused by strong scattering of the light holes

into the heavy-hole band and consequently by collisional broadening of the light-hole

band. The effect cannot be described within the limits of EBTE where the 8 function like

shape of spectral function inhibits collisional renormalization of the band structure. We

propose a better approach to the transport in the light hole band based on a nonequilibrium
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Green function formalism. The electron mobility calculated in MCT agrees well with

experimental data obtained on n-type samples. On the other way p-type samples with

similar x and impurity concentrations result to mobility significantly depressed. This

discrepancy cannot be explained by a contingent compensation of the p-type material

because the high heavy-hole mobility points to low impurity concentration. The electron-

hole scattering is also not sufficient. Consequently we ought to presume an additional

scattering mechanism present in these samples which is not discussed currently in

literature. The transport properties of standard samples are often influenced by a transport

on surface degenerated states (SDS). These states originate from a fast oxidization of

etched samples or passivation. Decreasing temperature of p-type samples below- 10K the

free carriers freeze out and transport in SDS prevails. As it was observed SDS exhibit n-

type - inversion layer - as well as p-type - accumulation layer - character. Similar

identification on n-type samples is not so easy. The n-type samples are typically

degenerated and bulk transport prevails above SDS at all temperatures. The combination

of the two transport channels displays in this case at a measured effective mobility which

is due to low mobile SDS lowered against pure bulk one. In all cases SDS are convenient

to be studied by magnetic field transport measurements.

Within the temperature range approx. 50-300K the bulk properties, and within the

range 2-50K the surface properties of samples are determined. Our results on p-(HgCd)Te

coated with passivation layers are evident from Figs 3.1 and 3.2. In the first case (native

sulphides + ZnS passivation layer) an inversion layer exists on the surface, Fig.3.2 depicts

accumulated surface behavior (passivation - ZnS). Parameters of samples are evident from

the Table II. We studied influence of (a) atmosphere, (b) ZnS passivation, (c) native

sulphides + ZnS passivation.

The (HgCd)Te - anodic oxide interface was studied also by magneto-capacitance

and magneto-conductance measurements of MIS structures. The occupancy of the 2D

subbands in the inverted surface layer below the anodic oxide and density of interface

states as a function of their energy were determined. From the carrier freeze-out below ;15

K the acceptor band activation energy was found.

In the case of interest, we are able to continue in this research, e.g. to study silicon

nitride or another passivation layer on our single crystals or on epitaxial layers prepared on

our (CdZn)Te substrates.
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Table II - Surface parameters of (HgCd)Te samples

RH is the Hall constant, ps is the the mobility of surface carriers and c, is the surface charge

Sample No Passivation Days after RH at 6K P.s c

passivation (cm 3C-1) (cm-'Vs) 10' 2(cm-2 )

1 -2x10 6  1300 0.08

501203 native oxide 180 -1x10 5  4000 2

330 -6.5x104 3500 3.5

4 3.2x10W 215 10

5006B5 native oxide 11 lx10 4  310 26

39 6x10 3  315 53

60 1.8x103 260 120

2 9.OxlO 260 36

6408A3 ZnS 80 2.8x103  74 120

9 -3.3x10 4

6408A4 native sulf. 80 -1.0x10 3  
-

180 2.6x10 3

10 -4.7x10 4  1500 7.2

6408A5 native sulf. 73 -1.1x10 4  3600 2.85

+ ZnS 160 -1.4x 104  5500 2.14

330 -1.8x10 5  4300 1.71
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4.Optical Properties

Very early studies of bulk (HgCd)Te crystals were devoted to interband Faraday

rotation and its dependence on the composition x. The interband Landau level transitions

were then investigated on photoconductive and photovolatic samples of (HgCd)Te with x

about 0.2 by adapting Fourier Transform IR Spectroscopy. The coexistence of the

oscillatory photoconductivity due to hot electron - LO phonon relaxation with Landau level

oscillations shown on Fig. 4.1 was observed on appropriate samples. From

magnetophotoconductivity experiments, the activation energy of shallow acceptors and of

two deep levels in the gap of (HgCd)Te could be determined (see Fig.4.2).

The optical absorption edge of various (HgCd)Te samples has been thoroughly

investigated. Three types of samples with characteristic slope of the exponential edge could

be selected (see Figs. 4.3 and 4.4). The edge in the samples with the highest measured

slope is formed by interaction with acoustic and LO - optical phonons, whereas the lower

slope edge is formed by the impurity and defect induced static disorder. The best samples

were used for detailed study of the temperature dependence of the gap EG by optical

absorption and the Hall efect measurements. The observed shift has been compared with

various published semi-empirical relations describing the composition and temperature

dependence of the gap. The EG was determined exactly from magneto-optical

measurements at low temperature and its change with temperature was measured as a shift

of the absorption edge. The measured dependence is in the best agreement with the relation

published by Seiler et al. in J.Vacuum Sci.Technol. A8, 1237 (1990) with slightly

modified temperature coefficient.

The refractive index n of (HgCd)Te was measured as a function of composition

for x in the range x = 0.18 - 0.52 at 80 K and room temperature. Based &n these

measurements, the empirical formula enabling to calculate n for any x were derived by

fitting the compositional dependence of the Sellmeir coefficients.

An experimental set up for luminescence and magnetoluminescence studies in the

near IR region has been built up recently. This equipment will be used for characterization

and identification of point defects in (CdZn)Te substrates. An example of the measured

spectrum is shown in Fig. 2.6
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experimental data.

Type I: the maximum slope S(5K) • 1200eV-1
low concentration p-type, x=0.226, p 1.5xl015cm 3

Type II: the maximum slope S(5K) & 600eV'
low concentration p-type, p & 1.5xl0 15cm"3 , Lh(30K) > I000cm 2V-'s-'

Type III: the maximum slope S(5K) z 200eV-'
higher concentration p-type, Pth( 3 0K) - 700 cm 2 V"'s-1
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5.1on Milling and Reactive Ion Etching of p-(HgCd)Te

We studied influence of various dry etching methods (ion milling with low energy

Ar ions and reactive ion etching in Ar and CH4 /H2) on transport properties of (HgCd)Te.

These dry etching methods result not only in a desired removal of front part of the sample,

but also in drastic and very deep changes in its transport properties. As a consequence, p-

type samples are usually converted to n-type and the created p-n junction can reach depth

;400 pm. We studied the p-n junction depth by electron beam induced current method

(EBIC). A mixed secondary electron and EBIC micrograph is shown on Fig.5.1 (part of the

sample was protected from the stream of incident Ar ions by a photoresist mask). We can

see a homogeneous diffusion profile. We developed a model to explain this unusually fast

diffusion that occurs at room temperature. The model is based on the assumption, that

during ion milling Hg interstitials are created at the sample surface. Part of the interstitials

then diffuse into the sample, where they recombine with mercury vacancies (basic defects

in p-(HgCd)Te). After then residual foreign n-type defects start to dominate and convert

the material to n-type. Dependence of the p-n junction depth on temperature at which ion

milling was performed (77-300K) is depicted in Fig.5.2. It is evident, that p-n conversion

of (HgCd)Te is a temperature activated process. Theoretical modelling of this temperature

dependence yields 120 meV as a migration energy of Hg interstitials. Results of this

experiment also show, that it is possible to avoid undesirable p-n conversion by cooling of

the substrate to 77K.

We also studied p-n conversion occurring during reactive ion etching (RIE) of

(HgCd)Te in Ar and CH 4/H2. For H2/CH4 RIE experiments two samples with a different

composition and hole concentration (x z 0.21, p = lxIO16 cm"3, x;: 0.28, p = 5x1015 cm"3)

were used. The following process parameters were applied: Etch time = 10 minutes, rf-

power = 180 W, dc bias ; 300V and the HJ/CH4 partial pressure ratio was changed keeping

the total chamber pressure constant at 0.05 Torr. The dependences of the etch depths and p-

n junction depths vs partial pressure of H2 and CH 4 for both samples are shown in Fig.5.3

and 5.4, respectively. The etch depth as a function of the partial pressure of H2 and CH 4 is

practically identical for both samples. On the other hand the p-n junction depth decreases

with increasing methane fraction in the mixture. The different hole concentrations in the

two samples are causing the different value of the p-n junction depth. It was found that
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H2/CH 4 RIE processes etch p-(HgCd)Te and create an n-type layer under an etched surface

for any gas ratio (also for pure gases).

The p-n junction and etch depth as a function of time, Ar pressure and rf-power

were investigated for samples with the hole concentration p=lxl016 cm"3. Fig. 5.5 shows

the p-n junction and etch depths versus etch time (etching parameters: Ar pressure =

0.05 Torr, rf-power = 180W, dc bias ;z 300V). The etch depth depends linearly on time but

the p-n junction depth increases proportional to t0 52. This behaviour coresponds to our

theoretical model for ion milling with Ar ions Fig.5.6 shows the p-n junction and etch

depth as a function of Ar pressure (etching parameters: etch time = 10 minutes, rf-power =

180W). It can be seen that both depths reach a maximum at about 0.1 Torr.

The results of the presented experiments show that RIE in all kinds of the examined

plasma conditions is suitable for dry etching of p-(HgCd)Te but an n-type layer is always

created under the etched surface over a considerable distance (l10-100ýtm).

It seems reasonable to assume, that the mechanism responsible for the p-n

conversion is the same as that observed during ion milling with Ar ions. Accelerated

plasma ions sputter the (HgCd)Te surface, liberate Hg atoms from ordinary lattice

positions and create a source of Hg interstitials under the etched surface. Some part of

these atoms diffuse quickly into the material, where they decrease the concentration of

acceptors by interaction with point defects, mainly Hg vacancies. Residual or native donor

impurities then start to dominate in the conductivity and cause the p-n conversion. The

depth of the p-n junction depends on the type of used plasma..

Based on our results, the H2/CI-4 and Ar RIE processes cannot be recommended for

the substrate etching and structuring of p-(HgCd)Te at room temperature because both

processes create an n-type layer under the etched surface. It was found that the lowest

electrical damage during H2/CH 4 RIE was created at a low level of hydrogen in the

mixture.

In the future we would like to study dynamics of defects created during ion milling

and RIE by in situ measurements of resistivity and relaxation effects after finishing of the

process. We would also like to study influence of passivation layers on surface

recombination of carriers by EBIC method.
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Fig. 5.1 A mixed EBIC-SE micrograph of sample 4913E6 cross section. The white solid

line marks the position of the photoresist mask, the arrow indicates the direction of incident

Ar ions.
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Fig. 5.2 Depths of the p-n junction of two sets of ion milled samples together with

theoretical curves for various migration energies of mercury interstitials
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Fig. 5.4 p-n junction depth as a function of H2 and CH 4 partial pressure (H2/CH6 RIE)
(000: x-0.21, p=lxlO 6 cm 3 , OEM x-0.28, p=5xl0 5 cm 3 )
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Fig 5.5 Etch depth and p-n junction depth as a function of etch time for a rf power of 180

W and an Ar pressure of 0.05 Torr (Ar RIE)
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Fig.5.6 Etch depth and p-n junction depth as a function of Ar pressure for an etch time of

10 min and a rfpower of 180 W
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6.Summary

Based on the research we performed so far and on the knowledge obtained during the visit

in SRII, SBRC/Hughes and Rockwell Research Center we plan to concentrate our next

activities to:

I. Preparation of high quality and high purity (HgCd)Te and (CdZn)Te single crystals

II. Study of interaction of ions with (HgCd)Te and (CdZn)Te surface

III. Study of defects in (HgCd)Te and (CdZn)Te surface both generally and in

connection with technological processes (points I and II)

Concretely following works will be performed:

1. Preparation of perfect (CdZn)Te single crystals with diameter up to 10 cm, modelling of

the growth process. Optimalization of (CdZn)Te single crystal growth conditions

2. Study of defects generated during the process of growth of (CdZn)Te single crystals by

galvanomagnetic (4.2 - 300K) and photoluminescence (z 5K) measurements or positron

annihilation.

3.Preparation of (CdZn)Te substrates in orientation (111) and (211) for LPE/MBE

epitaxial growth to be provided to SBRC and Rockwell

4. Study of influence of defects and foreign impurities on mobilities of carriers on epitaxial

layers p-(HgCd)Te (As) and n-(HgCd)Te (In) including determination of concentration of

carriers, impurities and defects; explanation of influence of passivation layers with a

possible study of their long-term stability (Rockwell)

5. Study of p-(HgCd)Te (As) - n-(HgCd)Te (In) junctions by EBIC method; determination

of diffusion lengths of minority carriers, modelling of influence of various mechanisms

that influence lifetime of minority carriers (Rockwell)

6. Study of influence of ion milling on properties p-(HgCd)Te(As) under the surface,

eventually explanation of existing diffusion processes (SRII)
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